In order to exploit the rich reservoir of marine cold-adapted bacteria as a source of bioactive metabolites, ethyl acetate crude extracts of thirteen polar marine bacteria were tested for their antiproliferative activity on A549 lung epithelial cancer cells. The crude extract from Pseudoalteromonas haloplanktis TAC125 was the most active in inhibiting cell proliferation. Extensive bioassay-guided purification and mass spectrometric characterization allowed the identification of 4-hydroxybenzoic acid (4-HBA) as the molecule responsible for this bioactivity. We further demonstrate that 4-HBA inhibits A549 cancer cell proliferation with an IC 50 value ≤ 1 μg ml −1 , and that the effect is specific, since the other two HBA isomers (i.e. 2-HBA and 3-HBA) were unable to inhibit cell proliferation. The effect of 4-HBA is also selective since treatment of normal lung epithelial cells (WI-38) with 4-HBA did not affect cell viability. Finally, we show that 4-HBA is able to activate, at the gene and protein levels, a specific cell death signaling pathway named pyroptosis. Accordingly, the treatment of A549 cells with 4-HBA induces the transcription of (amongst others) caspase-1, IL1β, and IL18 encoding genes. Studies needed for the elucidation of mode of action of 4-HBA will be instrumental in depicting novel details of pyroptosis.
. Amongst marine bacteria, cold-adapted microorganisms represent an untapped reservoir of biodiversity endowed with an interesting chemical repertoire. It has been already shown that cold-adapted bacteria produce valuable bioactive secondary metabolites, such as anti-biofilm molecules [8] [9] [10] , antimicrobials 11, 12 and compounds displaying various other pharmaceutically-relevant activities 13 . In this context, polar marine bacteria could likely be a potential source of new molecules with antiproliferative activity.
In the present study we screened ethyl acetate extracts of thirteen different cultivable cold-adapted bacteria on A549 cells, a lung adenocarcinoma cell line, which represents a suitable model for the study of Non Small Cancer Lung Cells having typical characteristics in terms of proliferation index and malignancy 14 . We demonstrate that Pseudoalteromonas haloplanktis TAC125 15, 16 (P. haloplanktis TAC125) is able to produce an antiproliferative agent. In particular, this bacterium produces 4-hydroxybenzoic acid that specifically activates pyroptosis in A549 cells without affecting viability in normal cells.
Results
Screening for antiproliferative activity of polar bacteria ethyl acetate extracts, and production conditions optimization. Ethyl acetate crude extracts of thirteen bacterial strains (Table S1 ) were tested for their antiproliferative activity using the MTT assay on lung adenocarcinoma A549 14 cells. The ethyl acetate extract of uninoculated GG medium was used as a negative control. A549 tumor cells were treated with different concentrations (1, 10 and 100 μg ml −1 ) of the total extracts for 24 hours (data not shown) and 48 hours, and compared with cells treated with the negative control extract. The highest concentration tested (100 μg ml −1 ) induced a decrease in the percentage of viable cells for most of the extracts ( Figure S1 ). Interestingly, the crude extract of P. haloplanktis TAC125 inhibited cell viability in a dose dependent manner, with a calculated half Inhibition Concentration (IC 50 ) of about 30 μg ml −1 . Based on these results, we focused on P. haloplanktis TAC125 as a potential source of antiproliferative compounds.
To test whether the composition of growth medium affected the production of antiproliferative compound(s), the Antarctic bacterium was grown in different media: a rich medium (TYP) 17 ; a synthetic medium (GG) 16 ; and a medium containing alternatively L-glutamate or D-gluconate as source of carbon and nitrogen. Extract of P. haloplanktis TAC125 grown in GG medium displayed the highest antiproliferative activity on A549 cells (data not shown).
To increase production of antiproliferative compound(s), P. haloplanktis TAC125 was grown in GG medium in an automatic bioreactor. The cell extract of P. haloplanktis TAC125 grown in the bioreactor displayed an IC 50 value of about 1 μg ml
, indicating a clear enhancement in production yields under this growth condition ( Figure S2 ).
Bioactivity guided purification and identification of the antiproliferative compound from
Pseudoalteromonas haloplanktis TAC125. Pre-fractionation of the P. haloplanktis TAC125 extract was achieved on a reversed phase column, and fractions were tested by the MTT assay on A549 lung cancer cells (Fig. 1, panel A) . Fractions 1 and 4 were shown to inhibit A549 cells in a dose dependent manner and both fractions displayed IC 50 values of about 10 μg ml −1 . Fraction 4 was discarded as it was also shown to exert a high cytotoxicity towards the non transformed lung epithelial WI-38 cells (Fig. 1, panel B) .
The bioactive fraction 1 was subjected to a further purification step and the resulting fractions were tested for antiproliferative activity with the MTT assay on A549 cells (Fig. 1, panel C) . Fraction 1E was identified as the most active with an IC 50 value of about 0,8 μg ml −1 and very interestingly this fraction displayed no toxic effect towards the WI-38 normal cell line (Fig. 1, panel B) .
The active fraction 1E was analysed by Ultra-high performance liquid chromatography-diode array detection-high-resolution mass spectrometry (UHPLC-DAD-HRMS) with tandem MS/HRMS fragmentation that revealed a single compound which was tentatively identified as 4-hydroxybenzoic acid (4-HBA) from a search in a comprehensive in-house standard collection of microbial metabolites 18 . The identification of 4-HBA was verified by comparison of retention time, monoisotopic mass for the pseudomolecular ion [M-H] − , MS/HRMS spectra (10 eV, 20 eV and 40 eV) from negative electrospray ionization (ESI) mode and UV spectrum with a commercially available standard (Fig. 2) .
A comparable cytotoxic effect was displayed for the isolated pure compound (1E) and the commercial standard of 4-HBA when tested in the same experiment using the MTT assay on A549 cells ( Figure S3 ). To investigate the structural features essential for this antiproliferative activity, the effect of the hydroxybenzoic acid structural isomers (2-, 3-, and 4-HBA) were analyzed. The results of the MTT assay on A549 cells indicated that 4-HBA was the most active isomer, with an IC 50 ≤ 1 μg ml −1 ( Figure S4 ).
Mechanism of action for 4-hydroxybenzoic acid.
The specific molecular pathway activated by 4-HBA was defined through a PCR array experiment aimed to evaluate changes in expression of the main genes involved in the most common signaling pathways of cell death 19 (Table 1 ). A549 cells were treated with 1 µg ml −1 of 4-HBA (IC 50 concentration) and after 2 hours of incubation, cells were recovered and subjected to a real time qPCR analysis. Only two-fold difference in expression values with respect to the control (untreated cells) were used to identify up-and/or down-regulated genes, respectively (Table 1) . We found that the expression of the following key genes involved in pyroptotic cell death signalling 20 were all up-regulated including the Caspase Recruitment 19 , the observed up-regulation of the gene encoding X-linked inhibitor of apoptosis (XIAP) indicated that the 4-HBA treatment inhibited the canonical apoptotic pathway in A549 cells. Furthermore, microarray results highlighted that genes involved in the extrinsic apoptotic pathway were strongly down-regulated: CD40 ligand (CD40L), Fas ligand (FasL), Myelin associated glycoprotein (MCL1) and Tumor necrosis factor receptor superfamily, member 11b (TNFRS11B). As for the expression of key genes involved in the necrotic pathway, they were also down-regulated: Forkhead box I1 (FOXL1), Olfactory receptor, family 10, subfamily J, member 3 (OR10J3), S100 calcium binding protein A7A (S100A7A) and Junctophilin 3 (JPH3). Finally, homeostatic and detoxification cell pathways such as autophagy were also strongly (Table 1) .
Since caspase-1 plays a crucial role in the pyroptotic cell signaling pathway, its protein levels in A549 treated cells were analyzed by immunoblot ( Figure S5 ). 4-HBA treatment was carried out under the same conditions used for PCR array analysis (1 µg ml −1 ), but the cells were collected after 24 hours, since changes in protein levels were more evident at this time point. In Fig. 3 , the increase in pro-caspase-1 levels (panel B) and appearance of the P20 caspase-1 protein cleavage fragment (panel C) can be seen only in treated samples, thus confirming that A549 cell death induced by 4-HBA treatment was due to caspase-1 activation.
Discussion
Marine organisms represent an attractive source of marine natural products in view of the high hit rates of marine molecules as antitumor and antibiotic drug leads 21 . Especially, polar marine bacteria are an unexploited hoard of biodiversity equipped with an interesting chemical repertoire 13 . In this study, we evaluated the antiproliferative activity on tumor cells of ethyl acetate crude extracts of cold-adapted bacteria belonging to the genera Pseudoalteromonas, Pseudomonas, Psychrobacter and Psychromonas. Even though nine out of the thirteen analysed strains belong to the same genus (Pseudoalteromonas), their recent genome-wide comparison attested a quite remarkable diversity, with a large proportion of unique genes 22 . This analysis prompted us to use all thirteen strains in the initial screening. The P. haloplanktis TAC125 crude extract was shown to be the most active in inhibiting cell proliferation. The bioactivity guided purification scheme highlighted the presence of more than one fraction endowed with anti-proliferative activity when tested on A549 cells. The fraction that was non toxic on WI-38 cells was subjected to a further fractionation step. 4-Hydroxybenzoic acid (4-HBA) was identified as the single compound responsible for the observed antiproliferative activity. 4-HBA is a primary metabolite as it is one of the products of chorismate lyase, which converts chorismic acid into pyruvate and 4-HBA. The latter molecule is then addressed towards the ubiquinone biosynthetic pathway. It is interesting to note that another Pseudoalteromonas strain, Pseudoalteromonas flavipulchra, was reported to produce 4-HBA, to which an antimicrobic activity was assigned 23 . In this paper, we demonstrate that 4-HBA inhibits A549 cancer cell proliferation with an IC 50 value ≤1 μg ml −1 . Although we have not currently identified the cellular target(s) of 4-HBA, we show that its effect is specific, since the other HBA isomers (i.e. 2-HBA and 3-HBA) were unable to induce any anti-proliferative effect on the cancer cell line tested. Furthermore, the effect of 4-HBA is selective, as the treatment of normal lung epithelium cell line (WI-38) with 4-HBA does not affect cell viability. We demonstrate that at gene and protein levels, 4-HBA is able to activate pyroptosis in A549 cells. Pyroptotic cell death was reported as a caspase-1-dependent cell death of macrophages when infected by Salmonella typhimurium 24, 25 . In contrast to apoptosis, pyroptosis is a pro-inflammatory type of cell death due to the activation of caspase-1 leading to the formation of the inflammasome, resulting in the release of the pro-inflammatory cytokines IL-1β and IL-18 3 . Our results show that treatment of A549 cancer cells with 4-HBA induces the transcription of (amongst others) caspase-1, IL1β, and IL18 encoding genes. Furthermore, a clear accumulation of caspase-1 and its activated form (pro-caspase-1) was observed at the protein level. Interestingly, the only death signaling pathway activated was pyroptosis, as demonstrated by the down-regulation of key genes involved in apoptosis, necrosis and autophagy. This clearly indicates that 4-HBA is specifically recognized by tumor cells that fall into the inflammasome cascade. At the morphological level, 4-HBA treated cells showed a typical membrane swelling ascribable to cell lysis occurring during pyroptosis. The observation that the viability of WI-38 was not affected by treatment with 4-HBA suggests that this microbial derived metabolite cannot be considered a bacterial virulence factor. On the other hand, its selective anti-proliferative activity against cancer cells (at least the tested in the present study) indicates a molecular target mainly present in transformed cells. To test if 4-HBA was also able to inhibit the proliferation of other transformed cell lines, colon rectal adenocarcinoma (HT29) cell line was selected and subjected to treatment with all HBA chemical isomers ( Figure S6 ). Again only 4-HBA was able to inhibit HT29 cell proliferation. Data reported here disclose the role of 4-HBA as a novel inducer of pyroptosis. We forecast that 4-HBA will become a useful tool for elucidating still unknown molecular relationships between pyroptosis and cancer.
Methods
Bacterial strains and culture conditions. Each Antarctic bacteria strain (see Table S1 ) were grown aerobically in flasks at 15 °C in GG defined medium 16 
bacto Tryptone, 10 g L −1 NaCl). At the end of the exponential phase cells and spent medium were harvested.
Bacterial fermentation. Pseudoalteromonas haloplanktis TAC125 growth was performed in a Stirrer Tank
Reactor 7L Bioreactor Techfors S (INFORS HT) connected to an IRIS 5.0 software with a working volume of 7L. Fermentation was performed in 5L of GG defined medium. The bioreactor was equipped with the standard pH, pO 2 , and temperature sensor for bioprocess monitoring. The culture was carried out at 15 °C for 31 hours in aerobic conditions DOT (dissolved oxygen tension) ≥20%, using an airflow of 1.5 L/hour, and a stirrer speed of 250 rpm.
Total bacterial extracts preparation. Cold-adapted bacterial cultures (cells and spent medium), previously frozen at −80 °C, without adding cryoprotectants, were thawed and stirred with an equal volume of ethyl acetate (Assay Percent Range ≥99.5%) (Sigma-Aldrich) and mixed with 1% formic acid (Assay Percent Range = 90%) (JT Baker). Each solution was stirred at least for 30 min and then centrifuged at 3000 rpm for 30 min. The resulting two phases were separated and the organic phases were recovered and dried using a rotary evaporator, Rotavapor (Buchi R-210) at 40 °C. The resulting total organic extracts were dispensed and stored at −20 °C.
Anticancer compound purification and identification. Sample purification. The crude extract was pre-fractionated on a reversed phase C 18 flash column (10 g, 15 ml) using an Isolera One automated flash system (BIOTAGE, Uppsala, Sweden). The gradient was 10% stepwise (15 column volumes) from 30-100% methanol (MeOH) buffered with 20 mM formic acid with a flow of 15 ml/min. Nine fractions were collected manually every 10% step. MeOH was of HPLC grade and water was purified and deionized using a Millipore system through a 0.22 μM membrane filter (Milli-Q water).
4-Hydroxybenzoic acid (fraction 1E) was purified from the Isolera fraction (fraction 1) on a Waters semi-preparative HPLC, with a Waters 600 Controller (Milford, MA, USA) coupled to a Waters 996 Photodiode Array Detector. Separation was achieved on a Luna II C18, 5 μm, 250 × 10 mm column (Phenomenex, Torrance, CA, USA) with a flow of 5 ml min −1 using a linear gradient 5% MeCN in Milli-Q water with 50 ppm TFA going to 35% MeCN in 24 min, from 35-45% MeCN in 2 min, 45-100% MeCN in 2 min, kept for 5 min at 100% MeCN and down to the starting conditions in 2 min. MeCN was of HPLC grade.
4-HBA identification.
The identification of 4-HBA was performed using ultra-high performance liquid chromatography-diode array detection-quadrupole time of flight mass spectrometry (UHPLC-DAD-QTOFMS) with tandem HRMS fragmentation on an Agilent Infinity 1290 UHPLC system (Agilent Technologies, Santa Clara, CA, USA) equipped with a DAD and an Agilent 6550 iFunnel QTOF MS (as previously described 18 ) and comparing results obtained with spectra acquired using the commercial standards.
Commercial standards. 4-hydroxybenzoic acid, 3-hydroxybenzoic acid and 2-hydroxybenzoic acid (salicylic acid) were purchased at Sigma-Aldrich (Steinheim, Germany). streptomycin. The medium was renewed every 3 days, and the cells were detached via trypsinization when they reached confluence. Before the experiments, cells were seeded in 96-well plates (2 × 10 3 cells well −1 ) and kept overnight for attachment. For viability assays, the extracts, fractions and pure compound(s) were dissolved in dimethyl sulfoxide at a final concentration of 1% (v/v) for each treatment.
MTT-Viability assay. The effect of extracts, fractions and pure compound(s) on cell viability were determined using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay (Applichem A2231). A549, HT29 and WI-38 cells, seeded in 96-well plates, after treatment times (24 and 48 hours), were treated with 10 µl (5 mg ml −1 ) of MTT and incubated for 3 hours. After the incubation time, isopropanol was used to dissolve purple formazan crystals. The absorbance was recorded on a microplate reader at a wavelength of 570 nm (Multiskan FC, THERMO SCIENTIFIC). The effect on cell viability was evaluated as percent of cell viability calculated as the ratio between mean absorbance of each sample and mean absorbance of controls.
RT
2 profiler PCR-array analysis for cell death pathway identification. A549 (2 × 10 6 ) cells used for RNA extraction and analysis, were seeded in Petri dishes (100 mm diameter) to obtain the control condition without any treatment and cells treated with the IC 50 concentration of the pure compound (1 µg ml −1 ). After 2 hours of exposure time, A549 cells were washed directly in the Petri dish by adding cold Phosphate-Buffered Saline (PBS) and rocking gently.
Cells were lysed in the Petri dish by adding 1 ml of Trisure Reagent (Bioline, cat. BIO-38033) per 100 mm dish diameter. RNA was isolated according to the manufacturer's protocol. RNA concentration and purity was assessed using the nanophotomer NanodroP (Euroclone).
About 200 ng RNA was subjected to reverse transcription reaction using the RT 2 first strand kit (Qiagen, cat. 330401) according to the manufacturer's instructions. The qRT-PCR analysis was performed in triplicate using the RT 2 Profiler PCR Array kit (Qiagen, cat. 330231), in order to analyze the expression of death cell signaling genes on A549 cells. Plates were run on a ViiA7 (Applied Biosystems 384 well blocks), Standard Fast PCR Cycling protocol with 10 µl reaction volumes. Cycling conditions used were: 1 cycle initiation at 95.0 °C for 10 min followed by amplification for 40 cycles at 95.0 °C for 15 s and 60.0 °C for 1 min. Amplification data were collected via ViiA 7 RUO Software (Applied Biosystems). The cycle threshold (Ct)-values were analyzed with PCR array data analysis online software (http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php, Qiagen). Control genes for Real-Time qPCR were actin-beta (ACTB), beta-2-microglobulin (B2M), hypoxanthine phosphoribosyltransferase (HPRT1) and ribosomal protein, large subunit P0 (RPLP0), the expression of which remained constant in A549 cells.
Protein extraction and immunoblot analysis. A549 cells (2 × 10 6 ), were seeded in Petri dishes (100 mm diameter) and cultured without any treatments (untreated control) or with the IC 50 concentration of the pure compound (4-HBA, 1 µg ml −1 ). A549 cell lysates were prepared after 24 hours of treatment by scraping the cells of each Petri dish into 1 ml of Radio Immune Precipitation Assay buffer (RIPA, Cell Signaling, cat. 9806), supplemented with 1 µM of protease inhibitor PMSF (Cell Signaling, cat. 8553). The lysates were incubated on ice for 15 min and then clarified by centrifugation at 14000 × g, for 20 min. Total protein concentrations were determined according to the Bradford method using the Protein Assay Reagent (Applichem, cat. A6932) with bovine serum albumin (BSA, Sigma Aldrich, cat. A2058) as standard. The protein extracts were stored at −20 °C until use. Before electrophoresis, protein samples were incubated at 100 °C for 5 min. Following 10% SDS-PAGE, gels were stained with Comassie or blotted onto nitrocellulose membrane (Biorad, cat. 170-4159). Membranes were incubated for 1 hour in blocking reagent (1 × Tris Buffered Saline-TBS), with 0.1% Tween-20 with 5% w/v nonfat dry milk, and incubated overnight at 4 °C with the primary antibodies diluted in 1 × TBS, 0.1% Tween-20 with 5% BSA (CASP1, 1:1000, Biorbyt orb10232).
After incubation, membranes were washed three times for 10 min each with 15 ml of TBS/Tween and then incubated with HRP-conjugated secondary antibody with gentle agitation for 1 h at room temperature. For β-actin, we used HRP-conjugated secondary antibody anti-mouse (1:10000, Santa Cruz Biotechnology); for CASP1 we used HRP-conjugated secondary antibody anti-rabbit (1:10000, Jackson ImmunoResearch).
After incubation, membranes were washed three times for 10 min each with 15 ml of TBS/Tween. Blotted membranes were immunodetected using clarity Western ECL (Biorad, cat. 170-5060). Proteins were visualized with Fuji medical X-ray film (cat. 47410). Densitometric analysis of immunopositive bands was performed using ImageJ software.
